We demonstrate a scheme to scale the bandwidth of a frequency comb generated by phase modulation of CW lasers using four-wave mixing in a silicon nano-waveguides, resulting in >100 comb lines spaced by 10-GHz within 5-dB bandwidth.
Abstract:
We demonstrate a scheme to scale the bandwidth of a frequency comb generated by phase modulation of CW lasers using four-wave mixing in a silicon nano-waveguides, resulting in >100 comb lines spaced by 10-GHz within 5-dB bandwidth. OCIS codes: (190. Strong sinusoidal phase modulation of a continuous-wave (CW) laser can create multiple sidebands hence producing a frequency comb [1] . The advantages of this technique include the ability to create high-repetition-rate combs with stable optical frequencies and independent tuning of the repetition rate and optical center frequency. Therefore, this platform is suitable for applications in optical communications [2] , RF photonics [3] and optical arbitrary waveform generation (OAWG) [4] . However, the bandwidth of the combs generated with this scheme is limited. RF power handling limits the number of lines that can be generated by a single phase modulator. Furthermore, by phase modulation alone, the spectral lines have significant line-to-line amplitude variations, so the flatness is degraded. It was shown that the spectral flatness of the comb can be improved considerably by adding an intensity modulator. An explanation for the improvement of spectral flatness is provided in [5] . Recently, our group demonstrated simultaneous bandwidth enhancement and flatness improvement by exploiting four-wave mixing (FWM) in a highly nonlinear fiber (HNLF) [6] . Several groups have investigated nonlinearity processes such as parametric amplification [7] , Raman amplification [8] and FWM [9] in silicon waveguides, which offer very high nonlinearity in a chip-based geometry. Here we report a more compact scheme for spectral broadening of a frequency comb, based on principles similar to [6] but now exploiting FWM in a silicon nano-waveguide. We achieve > 100 lines at 10-GHz spacing within a 5-dB bandwidth. Figure 1 shows the experimental setup. A CW laser at frequency is driven using a cascade of one intensity and three phase modulators. If (which is close to a flat-topped pulse) and (which is sinusoidal) are the amplitude and total phase modulation, respectively, then the output will be . The 2 nd CW laser at frequency is not modulated ( . Looking towards the side of , we will have new frequency components at , which can be expressed as . This indicates the bandwidth is roughly doubled. In ref. [6] , the 1 st CW was phase and intensity modulated, i.e. ) and the 2 nd laser was phase modulated with the same phase modulator. In addition, a length of SMF was placed to delay the field by half an RF period so that . While this procedure enhanced the bandwidth by a factor of 3 after the first FWM sideband, the need for an SMF constrains the repetition rate of the comb to a fixed frequency and limits the number of input modulators that can be used owing to detrimental dispersion. Our setup does not need the SMF (300 meter long in [6] ) and replaces the HNLF by a silicon nano-waveguide of a few centimeters in length. Hence it is more compact and flexible, but it comes at the expense of a reduction in the bandwidth scaling. In this experiment the silicon waveguide cross-section is 800 nm in width by 250 nm in thickness. The length of the waveguide is 1.8 cm. The nonlinear parameter is defined as γ ω , where is the 978-1-55752-973-2/13/$31.00 ©2013 Optical Society of America effective area of the waveguide, c is the speed of light and ω is the pump frequency. In our silicon waveguide, the light is confined to a cross-sectional area of less than 0.2 μ . Since is approximately 200 times that of the silica glass [7] , the nonlinear parameter γ could be more than 100,000 times that of the standard fiber, or 10,000 times that of most HNLF. The two ends of the waveguide are inversely tapered to 100 nm and the light is coupled in and out both through a fiber taper. The measured fiber-to-fiber loss is -8 dB. The recorded spectrum at the nano-waveguide's output shows a -15 dB conversion efficiency (defined as the idler to probe power ratio at the chip's output) when input with one strong CW input as the pump and a weak CW at different frequency as the probe when pumping at 200 mW. For our comb experiment, the wavelength of the CW lasers are spaced 15 nm apart (1545 and 1560 nm) so that the FWM terms we are interested in will not overlap, and the modulation frequency is 10GHz. Figure 2 demonstrates our experimental result where we look at the first FWM term. The output spectrum is given at Fig. 2(a) . The initial comb generator provides < 60 lines in a 5-dB bandwidth (Fig. 2(b) ). Figure 2(c) shows the FWM term centered at 1530 nm. We get more than 100 lines in a 5-dB bandwidth, which scales the input by a factor of two, as expected. The small tilt and dips of the FWM term are caused by the dispersion of the waveguide. The flatness can be further optimized by a careful design of the dispersion. In summary, we have demonstrated a simple on-chip scheme to scale the bandwidth of a phase and intensity modulated CW comb. Compared with the previous nonlinear optical fiber scheme [6] , it has comparable bandwidth (> 1THz) and good flatness (> 100 lines with 5-dB bandwidth), but has the advantages of being much more flexible and compact (nonlinear media is only 1cm compared to 100 meter HNLF, and also without 300 meter SMF), and shows low operating power (input power is 200 mW and estimated power in the waveguide is less than 100 mW, versus 1 W in [6] ).
